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We aimed to progress understanding of prosodic emotion expression by establishing
brain regions active when expressing specific emotions, those activated irrespective
of the target emotion, and those whose activation intensity varied depending on
individual performance. BOLD contrast data were acquired whilst participants spoke
non-sense words in happy, angry or neutral tones, or performed jaw-movements.
Emotion-specific analyses demonstrated that when expressing angry prosody, activated
brain regions included the inferior frontal and superior temporal gyri, the insula, and
the basal ganglia. When expressing happy prosody, the activated brain regions also
included the superior temporal gyrus, insula, and basal ganglia, with additional activation
in the anterior cingulate. Conjunction analysis confirmed that the superior temporal
gyrus and basal ganglia were activated regardless of the specific emotion concerned.
Nevertheless, disjunctive comparisons between the expression of angry and happy
prosody established that anterior cingulate activity was significantly higher for angry
prosody than for happy prosody production. Degree of inferior frontal gyrus activity
correlated with the ability to express the target emotion through prosody. We conclude
that expressing prosodic emotions (vs. neutral intonation) requires generic brain regions
involved in comprehending numerous aspects of language, emotion-related processes
such as experiencing emotions, and in the time-critical integration of speech information.
Keywords: emotional prosody, prosody expression, speech, social cognition, fMRI
INTRODUCTION
In the study of social cognition, increasing efforts have been invested into learning more about
how we transmit our communicative intent and alert other people as to our mental or emotional
state of mind. Prosody is one channel by which we can express such emotion cues. By varying
non-verbal features of speech such as pitch, duration, amplitude, voice quality, and spectral
properties (Ross, 2010), we can alter our tone of voice, and change the emotion conveyed. Beyond
automatic and true reflections of our emotional state, conscious modulation of emotional prosody
may also be one of the most common emotion regulation strategies, with people frequently
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concealing or strategically posing their prosodic emotion cues
in everyday interactions (Laukka et al., 2011). In parallel,
neuroscientists have sought to uncover the brain mechanisms
that underpin the transmission of these signals. Because
of the lag behind facial emotion research, its multiple
functions (e.g., linguistic, attitudinal, motivational, affective), and
multiple phonetic cues (e.g., pitch, duration, amplitude), the
neural substrate of emotional prosody expression is less well-
characterized (Gandour, 2000).
CONCORDANCE WITH EARLY
LESION-BASED MODELS OF PROSODIC
EXPRESSION
In the 1970s and 1980s, a series of papers reporting lesion
studies associated damage to the right hemisphere homolog
of Broca’s area (Brodman’s areas 44 and 45) with impaired
ability to produce emotional prosody, whilst damage to the
posterior temporal region appeared to be associated with an
inability to comprehend emotional prosody (Ross, 1981; Ross
et al., 1981; Gorelick and Ross, 1987). Thus, it seemed that
the organization of prosodic functions in the right hemisphere
mirrored that of propositional language functions in the left
hemisphere. Primarily because of speech-related movement
confounds which can induce signal changes independent of
those related to neuronal activation (Gracco et al., 2005), direct
functional magnetic resonance imaging (fMRI) literature on
the expression of emotional prosody is limited. Sparse auditory
sequences have gone some way to ameliorating these movement
confounds though (Hall et al., 1999), and neuroimaging studies
of prosodic emotion expression are starting to emerge.
In one study, participants produced sentence-like sequences
of five syllables (e.g., dadadadada) in various tones of voice, and
when the expression of emotional intonation was compared to
use of a monotonous voice, activation was observed in the right
inferior frontal gyrus, as predicted by the lesion study model
(Mayer et al., 2002). However, in another study using similar
methodology but comparing prosodic emotion expression to
rest, the active region was the anterior right superior temporal
gyrus instead (Dogil et al., 2002). More recently, inferior frontal
gyrus activity has been detected during the preparation and
execution of emotional prosody expression (Pichon and Kell,
2013), although its degree of activation differed between the two
phases of the expression process. Similarly, in another recent
study of emotional prosody expression the inferior frontal gyrus
was in fact the only regionwhose activation depended on both the
emotion vocalized and the specific expression task (repetition vs.
evoked) (Frühholz et al., 2014). Thus, from the evidence available
so far, inferior frontal gyrus activation is not consistent. Where
similar methodology is employed across studies, one possibility
is that its activation might relate to the composition of the
participant sample.
Another shift in thinking in recent years concerns the
relationship between the neural systems that mediate the
expression and comprehension of speech. For propositional
language, a “mosaic” type view of its organization in the brain
has emerged, in which there is partial overlap between the
brain regions that subserve its comprehension and expression
(Gandour, 2000; Hickok and Poeppel, 2004). Hints are now
emerging that this may also be true for prosody. In the main
study of relevance, overlapping involvement in the expression
and comprehension of emotional prosody was demonstrated
in several brain regions, including the left inferior frontal
gyrus, left middle cingulate gyrus, right caudate, and right
thalamus (Aziz-Zadeh et al., 2010). Thus, further studies of
emotional prosody expression perhaps need to be vigilant
for additional signs that there is merit to this organizational
overlap.
THE INVOLVEMENT OF SUB-CORTICAL
BRAIN REGIONS IN PROSODIC
EXPRESSION
Whilst it was concluded from one of the early studies that
prosody expression is mediated exclusively by neocortical brain
structures (Dogil et al., 2002), elsewhere lesion data suggests
its expression may also necessitate subcortical brain regions
such as the basal ganglia. Basal ganglia damage has been
observed to lead to both a restricted pitch contour with less
variability in pause duration (Blonder et al., 1995), and foreign
accent syndrome, a condition in which abnormal prosody
articulation leads to the perception of a foreign-like accent
(Carbary et al., 2000). The basal ganglia have also been the
most frequently damaged structure in larger samples of aprosodic
patients (Cancelliere and Kertesz, 1990). This role of the basal
ganglia in prosody expression likely reflects its involvement in
the timing-related processes which can be used to establish
basic routines that advance more sophisticated behavior e.g.,
formulating specific emotional intonation (Kotz and Schwartze,
2010). However, basal ganglia involvement in emotional prosody
expression may not only be associated with preparing for the
expression of emotional prosody as suggested by one recent
fMRI study (Pichon and Kell, 2013). It may also integrate
and maintain dynamically changing speech information such
as speech rate, pitch, or amplitude (intensity) variations into
coherent emotional gestalts (Paulmann and Pell, 2010), which
perhaps better describes the execution of emotional prosody
expression. Activation of the basal ganglia was detected in a
recent neuroimaging study of the evocation of emotional prosody
expression, but that study focused exclusively on the expression
of angry prosody (Frühholz et al., 2014).
AIMS AND HYPOTHESES
Using methodological refinements, we aimed to expand
recent progress in delineating the functional neuroanatomy of
prosodic emotion expression. Our first adaptation concerned the
conditions to which prosodic emotion expression is compared.
We included not just a neutral condition but also a covert
speech condition with jaw movement, to evaluate the functional
neuroanatomy associated with expressing neutral prosody, i.e., a
non-emotional prosodic contour.
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Secondly, based on recent meta-analyses and reviews of
emotion-specific differential emotion processing (Phan et al.,
2002; Chakrabarti et al., 2006; Fusar-Poli et al., 2009; Vytal
and Hamann, 2010; Lee and Siegle, 2012), we aimed to
determine whether the brain mechanisms behind prosodic
emotion expression differed as a function of specific positive
and negative valence exemplars. Reliable emotion-specific effects
have not yet been agreed for the brain networks mediating
comprehension of prosodic emotions, with some researchers
suggesting that there are separate networks (Ethofer et al.,
2009; Kotz et al., 2013b), and others suggesting that there are
not (Wildgruber et al., 2005). One possibility is that the brain
regions involved in expressing specific emotions are similar to
those reported for perceiving that emotion. For prosody, the
early indications are that processing other people’s happiness
cues involves the middle temporal gyrus and inferior frontal
gyrus (Johnstone et al., 2006). Networks associated with the
perception of angry prosody have been studied in more detail,
and prominent regions include the anterior cingulate, inferior
frontal gyrus/orbitofrontal cortex, middle frontal gyrus, insula,
thalamus, amygdala, superior temporal sulcus, fusiform gyrus,
supplementary motor area (Grandjean et al., 2005; Sander et al.,
2005; Johnstone et al., 2006; Ethofer et al., 2008; Frühholz and
Grandjean, 2012). Whilst one study has identified the specific
regions associated with expressing neutral prosody, the results
may reflect a lack of control for motor movement (Dogil et al.,
2002). It might also be possible that the brain regions for
expressing angry prosody bear some similarity to those involved
in the experience of being or feeling angry, and similar for
happiness (Lee and Siegle, 2012). One might then expect the
expression of angry prosody to involve brain regions previously
associated with feeling angry, such as the medial prefrontal
gyrus, insula, and cingulate cortex (Denson et al., 2009), and the
expression of happy prosody to involve brain regions previously
associated with feeling happy, e.g., the basal ganglia (Phan et al.,
2002), and possibly cortical regions in the forebrain and limbic
system (Kringelbach and Berridge, 2009).
Our final aim was to determine the between-person variability
of the neural system for expressing emotional prosody, i.e.,
to determine the parts of the system subject to individual
differences. We probed this question by examining in which
brain regions did activation levels covary with successful
expression of prosodic emotions? Do individuals who are better
at expressing prosodic emotions recruit brain regions that those
not so good at expressing prosodic emotions do not? Individual
differences in the ability to express emotional prosody have long
been recognized at the behavioral level (Cohen et al., 2010), so
what is the mechanism by which these effects occur (Blakemore
and Frith, 2004)? In addressing this final aim, we noted that to
date, few studies have examined individual differences in socio-
cognitive skills and linked these to underlying neural function
(Corden et al., 2006). As to which brain regions might display
such a relationship, we explored the possibility that inconsistent
inferior frontal gyrus activation between studies might be
explained by between-study differences in the abilities of the
samples of healthy young adults recruited. Individual differences
in ability have already been shown to influence the brain
regions detected in neuroimaging studies of prosodic emotion
comprehension (Sander et al., 2003; Schirmer et al., 2008; Aziz-
Zadeh et al., 2010; Kreifelts et al., 2010; Jacob et al., 2014).
Based on the association between basal ganglia impairment and a
monotone voice with low prosodic expressivity (Martens et al.,
2011), we also tested whether activity in this region correlates
with the ability to transmit appropriate emotional prosody.
MATERIALS AND METHODS
Participants
Twenty-seven healthy young adults (14 females, 13 males) were
recruited by email and word of mouth from amongst staff and
students at Durham University. This end sample comprised a
mean age of 21.5 years (± 3.89). Besides the target participant
age range of 18–35 years, a further inclusion criterion was that
participants must be native English speakers given the subtle
nature of the task. All reported themselves as being right-handed,
which was subsequently confirmed through scores>40 across all
participants on the Edinburgh Handedness Inventory (Oldfield,
1971). Across the end sample, the mean number of years of
formal education was 15.7 years (± 2.01). Upon initial contact,
exclusion criteria applied to those who volunteered included
self-reports of history of uncorrected hearing deficits, history of
psychiatric or neurological illness, significant head injuries or
long periods of unconsciousness, history of alcohol or drug abuse,
and MRI contraindications (all self-report). As background
assessments to characterize our group of participants, Beck’s
Depression Inventory (BDI; Beck and Steer, 1987) and the
Positive and Negative Affect Schedule (PANAS; Watson et al.,
1988) were administered. Mean BDI was 4.5 (± 5.65), indicating
that the group displayed only minimal symptoms of depression.
In keeping with relevant normative data, the positive affect of our
participants was 38.1 (± 6.75), and the negative affect was 17.1(±
6.07; Crawford and Henry, 2004). Participants were paid a flat
fee of £25 for their participation, covering their time, travel and
inconvenience.
The study described was performed in accordance with the
declaration of Helsinki (Rits, 1964), and the British Psychological
Society guidelines on ethics and standards (http://www.bps.org.
uk/what-we-do/ethics-standards/ethics-standards). Approval
for its conduct was given by the Ethics Advisory Sub-Committee
in the Department of Psychology, Durham University, and
written informed consent was obtained from all those who
participated.
Experimental Task
The event-related expression task administered during fMRI
comprised four conditions: Happy intonation [as the only
widely accepted positive “basic” or “primary” emotion (Ekman,
1992)], angry intonation (as a negative “basic” emotion), neutral
intonation, and jaw movement. Thus, like the Aziz-Zadeh et al.
study, our design was balanced across positive and negative
emotion trials, in contrast to the methodology of Pichon and Kell
that sacrificed balance between positive and negative emotions
for generalizability across a wider range of emotions (Aziz-
Zadeh et al., 2010; Pichon and Kell, 2013). The stimuli in
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these conditions were pronounceable non-sense words (see
Supplementary Materials; Kotz, 2001), derived from real neutral
valence words by substituting a single letter of the original
real word (e.g., normal → “narmal”). Rendition of non-sense
words enters the speech production process low enough to
eliminate higher-level linguistic processing (Mayer, 1999), and
therefore allowed us to exclude potentially confounding semantic
connotations as might theoretically be incurred in studies
without this feature. Participants were presented with three
randomly selected non-sense words at a time arranged vertically
and centrally onscreen, with an emotion prompt in emboldened
capital letters at the top of the screen. At the start of the task,
they were instructed that they would be prompted which word
to say and when to speak it. As each of the three non-sense
words in turn changed from black non-underlined font to red
underlined font with a star next to it, participants were instructed
to say that word out loud in the tone specified at the top
of the screen. Although fully debriefed after the study, during
the fMRI session, participants were unaware that their online
vocalizations were not recorded. All text was displayed in Calibri
point 60, using E-prime experiment generation software v2
(Psychology Software Tools; Sharpsburg, PA, USA). Visualization
was achieved via display on an LCD screen mounted on a
tripod at the rear of the scanner (Cambridge Research Systems;
Rochester, Kent, UK), and standard head-coil mounted mirrors.
To probe valence-dependence, we used anger as the negative
emotion rather than sadness as used by Aziz-Zadeh et al. (2010),
based on findings that anger is a more easily recognizable
negative emotion than sadness (Paulmann et al., 2008). From
the four available prompts (angry, happy, neutral, and jaw),
the emotion cue displayed was randomized through the
paradigm. When participants saw the prompt JAW rather
than angry/happy/neutral, they were asked to move their jaw
and tongue as if saying the word out loud, but not actually
say it out loud (Dhanjal et al., 2008). This jaw condition
better controlled for speech movement-related activation than
a simple rest condition would have done, and enabled us to
separate movement induced confounds from activations that
truly relate to the external vocalization of prosody. The inclusion
of the neutral condition further allowed us to distinguish those
brain regions that specifically related to conveying emotion
(happy/angry) through prosody rather than producing prosody
in general (neutral). The design was such that the speaking of
one non-sense word was linked to each brain volume collected.
All three of the non-sense words were to be spoken with the
same specified tone before the task moved on to the next triplet,
to increase detection power for the neural response associated
with each condition (Narain et al., 2003). In total, there were 80
triplets, i.e., 240 individual words or trials.
Listener Ratings of Prosodic Emotion
Expression
In this preliminary study, MRI participants expressing emotion
cues through tone of voice were recorded performing this
task oﬄine in a separate behavioral assessment. Importantly,
the prosodic emotion expression task used in this behavioral
assessment was identical in structure and timings to that used
in the MRI assessment. Whilst performing this task, participants’
audio output was recorded on an Edirol R4 portable recorder
and wave editor (Roland Corporation; California, USA), in
conjunction with an Edirol CS-50 Stereo Shotgun microphone.
Half the participants were tested for the behavioral assessment
before the day of their MRI assessment, whilst the others were
tested on a date after their MRI assessment. One MRI participant
did not attend their behavioral assessment session. The mean
gap between the MRI and behavioral assessments was 11.3
(± 4.03) days. The behavioral and MRI assessments were run
separately, because even with the sparse acquisition sequence
described below, some artifacts in the functional images caused
by movement of the articulators (head, lips, tongue, and larynx)
and head remain (Elliott et al., 1999). Indeed, oﬄine recording
prior to subsequent fMRI has been the method most often used
to assess participants’ ability to express prosodic emotions in
other studies (Mayer, 1999; Mayer et al., 2002; Pichon and Kell,
2013). In accordance with the oﬄine recording strategy, it has
been shown that the conditions typically experienced whilst being
scanned do not seem to influence prosody generation (Mayer,
1999).
To evaluate the MRI participants’ recordings, a further 52
healthy young adults were recruited from the research panel of
psychology undergraduates (M:F 3:49) at Durham University.
The mean age of this group of listeners was 19.1 (± 0.78)
years, their mean weekly alcohol consumption was 7.0 (± 3.73)
UK units, and their mean number of years’ education was
14.4 (± 0.90). To screen for listeners whose hearing sensitivity
might be impaired, a Kamplex KS8 audiometer was used to
determine hearing sensitivity loss relative to British Standard
norms BS EN 60645, and BS EN ISO 389. Tones were presented
at central pure-tone audiometry frequencies, namely 500, 1, and
2 kHz. The pure tone average was derived by computing mean
hearing sensitivity across both ears and all frequencies. The
cut-off point for screening purposes was set at the clinically
normal limit of<25 dB hearing level (HL) (Leigh-Paffenroth and
Elangovan, 2011), but no listeners had to be excluded on this
basis.
A pair of listeners listened to the recording of each
MRI participant made in the behavioral assessment. Listeners
were instructed to listen to each triplet of non-sense words
and select from the three-alternative forced choice options
of happiness, anger and neutrality, their subjective judgment
of which emotion they thought was conveyed by speaker
intonation. The influence of ambient noise on this listening task
was ameliorated by presenting the audio recordings via noise
cancelation headphones (Quiet Comfort 3; Bose Corporation;
Framingham, MA). In scoring the ability of MRI participants
to convey emotions through prosody, each non-sense word was
only scored as correct if both listeners agreed on the emotion
(i.e., 100% concordance), and that emotion was what the MRI
participant had been instructed to use. After each pair of listeners
had rated all their assigned audio clips, Cohen’s kappa was used
to determine if there was agreement between the two listeners’
judgments of the emotion conveyed. These analyses determined
that across the listener pairs for the set of MRI participant
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recordings, the mean agreement within each pair was moderate,
κ= 0.498 (± 0.049 s.e.).
To further assess the distinctiveness of the happy, angry and
neutral styles of emotional prosody expression, the acoustic
correlates of the oﬄine speech recordings were analyzed using
the auditory-processing software “Praat” (Boersma, 2001). By
this endeavor, the features extracted for analysis of each
prosodic emotion type included mean fundamental frequency,
fundamental frequency standard deviation and fundamental
frequency range to index pitch; mean amplitude and amplitude
range to index intensity; and duration. Following feature
extraction with PRAAT, the mean values for each index
were compared across prosodic emotion types with one-way
ANOVAs.
MRI Data Acquisition
Given that speaking involves movement and that fMRI is
susceptible to motion and volume-change artifacts, previous
fMRI studies of language and speech production often used
“inner” or “covert” speech or whispering (Dogil et al.,
2002; Gracco et al., 2005). We implemented a sparse audio
neuroimaging sequence, because their advent has much
improved the ability to study (overt) speech production
functions (Dhanjal et al., 2008; Simmonds et al., 2011). In these
temporally sparse imaging protocols (Hall et al., 1999), relatively
long silent pauses are included between volume acquisitions,
and it is during these pauses that stimuli are presented making
it unlikely that stimulus-induced neural responses are obscured
by scanner-noise-induced neural responses (Moelker and
Pattynama, 2003; Blackman and Hall, 2011; Liem et al., 2012),
as might theoretically have occurred in one recent fMRI study
of emotional prosody expression (Pichon and Kell, 2013). Data
were acquired on a 3T MRI scanner with 32 channel head coil
(Siemens TRIO, SiemensMedical Solutions, Erlangen, Germany)
at the DurhamUniversity and South Tees NHS TrustMRI facility
(U.K.). The sequence also employed Siemens’ parallel acquisition
technique “iPAT” (Sodickson and Manning, 1997), deployed
with generalized auto calibrating partially parallel acquisition
acceleration factor 2 (GRAPPA) (Griswold et al., 2002), to further
reduce the opportunity for motion artifacts (Glockner et al.,
2005). Instructional measures taken to minimize motion artifacts
included the explicit direction that participants should hold their
head as still as possible at all times, and the use of foam padding
between a participant’s head and the head coil itself.
In the transverse plane parallel to anterior-posterior
commissure line, we acquired blood oxygenation level
dependent (BOLD) contrast images with a non-interleaved
MRI EPI sequence with 30ms TE, and an 8 s repetition time (TR)
in which a 1.51 s acquisition time (TA) was followed by 6.49 s
silence. In all, 240 brain volumes were collected. To capture
BOLD responses over the whole cerebrum, twenty eight-4mm
slices alternated with a 5mm gap, over a 192mm field of view
with 64 × 64 matrix and 90◦ flip angle. The first true radio
frequency pulse generated by the scanner triggered E-prime
to synchronize stimuli presentation with data collection. To
maintain synchronicity, the start of subsequent trials was also
triggered by each new pulse. To raise the effective sampling rate
(Josephs and Henson, 1999), within each 8 s TR the speaking cue
was jittered randomly between 2 and 3 s after the start of volume
acquisition, i.e., 5, 6 s before the next volume was acquired (Belin
et al., 1999). The analyses described below therefore specifically
focused on the execution of emotional prosody expression.
To facilitate individual localization of active brain regions,
anatomical data were collected with a Magnetization Prepared
RApid Gradient Echo single-shot T1-weighted sequence (Mugler
and Brookeman, 1990), in the same orientation as the functional
data, with one hundred and ninety two-9mm slices alternating
with a 45mm gap. The sequence incorporated a TR of 1900 ms
a TE of 2.32 ms, and field of view 230mm. As for the functional
sequence, the anatomical sequence employed “iPAT,” with
GRAPPA factor 2.
Functional MRI Data Analyses
The first four scans were discarded whilst the MR signal reached
a steady state. Neuroimaging data were then analyzed with
SPM8 (www.fil.ion.ucl.ac.uk/spm/software/spm8). In initial pre-
processing, images were realigned using the first image as a
reference, using the SPM realignment function. Despite the
movement involved in overt speech, no participant displayed
more than 0.5mm translation or 0.5 degrees rotation in any plane
during the scans, thus no data were excluded due to potentially
confounding effects of excessive movement. Images were then
normalized into a standard stereotactic space to account
for neuroanatomic variability, using the Montreal Neurologic
Institute ICBM152 brain template in SPM, and applying spatial
normalization parameters generated by prior segmentation of
tissue classes with SPM. Last in pre-processing, the images were
smoothed using an isotropic Gaussian kernel filter of 8 mm
full-width half-maximum, using the SPM smoothing function.
In the first level analyses, the pre-processed data were analyzed
in an event-related manner. In line with established thinking, the
design matrix did not convolve the design with a haemodynamic
response function as implemented by Pichon and Kell (2013), but
rather a finite impulse response (FIR) model was implemented
(Gaab et al., 2007a,b). This model-free approach is known to
account for additional sources of variance and unusual shaped
responses not well captured by a single haemodynamic response
function (Henson, 2004). Once constructed, the FIR models
were then estimated, to yield one mean contrast image per
participant, using a 128-s high pass filter for each model. For
each individual MRI participant, the search volume for the first-
level analyses was constrained by the implementation of an
explicit (“within-brain”) mask derived from the combination of
each MRI participant’s gray and white matter image generated
from the segmentation phase of pre-processing. This strategy
reduced the potential for false positives due to chance alone—the
“multiple comparisons problem,” and helped to limit seemingly
significant activations to voxels within the brain rather than those
covering cerebrospinal fluid or those that lay outside the brain.
At the second level, random effects analyses were performed,
to ascertain common patterns of activation across the
participants, and enable inferences about population-wide
effects. To examine the brain regions associated with expressing
prosody of an emotional nature, regional brain activity patterns
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during the expression of happy and angry prosody were
each contrasted separately against the regional brain activity
associated with expressing neutral prosody. To examine the
brain regions associated with expressing a prosodic contour that
did not convey emotion, the pattern of regional brain activity
observed during the expression of neutral prosody was compared
against that observed during the jaw movement condition. To
establish how the patterns of regional brain activity during the
expression of angry and happy prosody differed from each other,
we examined the brain regions in which the neural response
during angry prosody expression was significantly greater than
that during happy prosody expression, and vice versa. In these
latter analyses, any effect of differences in performance accuracy
between the expression of angry and happy prosody was excluded
by including a performance accuracy covariate in the model,
performance accuracy being operationalized as the percentage of
trials for which both raters agreed that each MRI participant had
indeed expressed each emotion. Common regions of activation
associated with the expression of both happy AND angry prosody
were examined through the implementation of a “conjunction
null” test in SPM. To probe individual differences in the neural
system responsible for expressing prosodic emotions, a covariate
for performance accuracy on the oﬄine behavioral assessment
was fed into a second-level whole-brain analysis contrasting
those brain regions associated with the expression of angry and
happy prosody against those associated with the expression
of neutral prosodic contours. In this analysis, it was the brain
regions whose activity correlated with performance accuracy that
was of interest, perceived performance accuracy being collated
across the expression of the two emotional types of prosody.
Activations were thresholded at p < 0.05, corrected for
multiple comparisons with the Family Wise Error adjustment
based on random field theory (Brett et al., 2003). The non-
linear transforms in the Yale BioImage Suite MNI to Talairach
Coordinate Converter (www.bioimagesuite.org/Mni2Tal/)
(Lacadie et al., 2008) converted “ICBM152” MNI template
coordinates to approximate Talairach and Tournoux coordinates
(Talairach and Tournoux, 1988), enabling use of the Talairach
and Tournoux atlas system for identifying regions of statistically
significant response. Individual regions of activation were
identified and labeled using the Talairach Daemon applet
(http://www.talairach.org/applet.html) (Lancaster et al., 1997,
2000).
RESULTS
Behavioral Performance
The analyses reported in this section were all performed using
IBM SPSS Statistics for Windows, Version 22.0 (Armonk, NY:
IBM Corp.). The main index of behavioral performance was
the oﬄine evaluation of MRI participants’ ability to express a
given emotional tone i.e., happy, angry, or neutral. The correct
agreement by both raters that the given tone was indeed reflected
in the tone of voice they heard varied was emotion-dependent,
from 66.3% (± s.e. 5.13) of the time for happiness, through
62.6% (± s.e. 4.46) for neutral, to 53.1% (± s.e. 5.07) for
anger. These figures are comparable to previous reports on the
correct attribution of prosodic cues to specific emotion categories
(averaged across cold and hot anger for angry expressions) (Banse
and Scherer, 1996; Johnstone and Scherer, 2000). The ANOVA
suggested a main effect of emotion in these performance data
[F(2, 50) = 3.95, p < 0.05, η
2
= 0.096]. However, for all three
emotion conditions, the perceived expression accuracy was over
4× greater than the 1-in-9 level of correct agreement expected by
chance, a difference that was highly significant according to one-
sample t-test analyses [happy: t(25) = 10.75, p< 0.001, d= 2.108;
neutral: t(25) = 11.55, p < 0.001, d = 1.776; anger: t(25) = 8.29,
p < 0.001, d = 1.625]. Further, interrogation of the performance
data determined that for each of the three conditions (happy,
angry, and neutral), no outliers were detected for the percentage
of correct rater1-rater2 agreement amongst the group of MRI
participant recordings. Specifically, none of the figures for the
rater pair cases fell more than 1.5× the inter-quartile range above
the third quartile or below the first quartile.
The analyses of the acoustic correlates of each emotional
prosody style further supported the interpretation that
participants were able to produce perceptually distinguishable
prosody, i.e., they were able to adequately modulate the acoustics
features of their speech to express emotions. These acoustic
correlate data are summarized in Table 1. A significant main
effect of emotion was observed for all acoustic indices (p <
0.05 or lower). Worthy of note, follow-up paired t-test analyses
revealed that happy prosody was of higher pitch than either
angry or neutral prosody (p< 0.001 for both) (Pierre-Yves, 2003;
Fragopanagos and Taylor, 2005; Scherer, 2013; Ooi et al., 2014).
Speakers demonstrated greater pitch modulation (F0 s.d.) for
both angry and happy prosody than for a monotone “neutral”
intonation (p < 0.05 for both) (Pierre-Yves, 2003; Fragopanagos
and Taylor, 2005; Pell et al., 2009). The mean amplitude of
angry prosody was, as might be expected, greater than that of
neutral prosody (p< 0.001) (Ververidis and Kotropoulos, 2006).
Speakers also demonstrated greater amplitude modulation
(amplitude range) for both angry and happy prosody than for
“neutral” intonation (p < 0.001 for both) (Scherer, 2013). These
patterns of effects are consistent with prior literature (Scherer,
1986, 2003; Banse and Scherer, 1996; Juslin and Laukka, 2003;
Juslin and Scherer, 2005).
fMRI Data
ANOVA analyses of the translational estimated movement
parameters (derived during the realignment stage of the SPM
pre-processing pipeline) with SPSS demonstrated that there
were no differences between the angry, happy, jaw, and neutral
conditions in the degree of movement in the x, y, and z planes.
The main effects of emotion condition and plane were not
significant [(F(3, 78) = 0.51, p = 0.68, η
2
= 0.019) and (F(2, 52) =
0.83, p = 0.44, η2 = 0.031) respectively], and neither was the
interaction between them [F(6, 156) = 0.35, p = 0.91, η
2
=
0.013]. Similarly, analyses of the rotational estimated movement
parameters did not find any evidence of significant differences
between the angry, happy, jaw, and neutral conditions in the
degree of rotation about the x, y, and z planes. Again, the
main effects of emotion condition and plane were not significant
[(F(3,78) = 0.65, p = 0.58, η
2
= 0.025] and [F(2, 52) = 0.06, p =
Frontiers in Human Neuroscience | www.frontiersin.org 6 October 2016 | Volume 10 | Article 518
Mitchell et al. Emotional Prosody Expression
TABLE 1 | The acoustic correlates of emotional prosody expression.
Acoustic feature Emotional prosody type Comparative analyses
Angry Happy Neutral
Mean F0 (Hz) 174.51 (± 41.72) 213.72 (± 55.32) 178.53 (± 44.31) F(2,52) = 27.773, p < 0.001
F0 s.d. (Hz) 23.81 (± 8.22) 30.65 (± 11.03) 24.55 (± 11.89) F(2,52) = 4.707, p < 0.05
F0 range (Hz) 68.08 (± 22.37) 89.73 (± 29.86) 73.59 (± 29.26) F(2,52) = 6.330, p < 0.005
Mean amplitude (dB) 61.28 (± 5.12) 61.25 (± 5.20) 58.42 (± 5.40) F(2,52) = 16.843, p < 0.001
Amplitude range (dB) 41.75 (± 5.49) 41.42 (± 4.33) 38.36 (± 4.16) F(2,52) = 17.775, p < 0.001
Duration (s) 0.57 (±.09) 0.55 (±.08) 0.54 (±.08) F(2,52) = 4.306, p < 0.05
Mean pitch, intensity and duration statistics (± s.d.) for each prosodic emotion style, from the offline speech recordings of study participants.
0.95, η2 = 0.002) respectively], and the interaction between them
was not significant either [F(6, 156) = 0.79, p= 0.58, η
2
= 0.030).
The results of our main analyses of the fMRI data are
presented in Table 2, Figures 1–3. Relative to brain regions
associated with the expression of neutral prosody, the key regions
associated with the expression of angry intonation included the
inferior frontal gyrus, superior temporal gyrus, basal ganglia,
and insula (Table 2, Figure 1A). The expression of happiness
through intonation also recruited the superior temporal gyrus,
basal ganglia, and insula, with the additional involvement of parts
of the anterior cingulate (Table 2, Figure 1B). The expression of
a neutral prosodic contour saw activation in the basal ganglia,
anterior cingulate, superior temporal gyrus, and insula again
(Table 2, Figure 2). The conjunction of areas activated by the
angry vs. neutral and happy vs. neutral contrasts, formally
revealed overlapping activation in the superior temporal gyrus
and basal ganglia (Table 2). Direct comparison between angry
and happy prosody ascertained that expressing angry prosody
resulted in greater activation in parts of the basal ganglia and
insula than when expressing happy prosody, whilst expressing
happy prosody resulted in greater activation of the anterior
cingulate and other parts of the insula and basal ganglia than
when expressing angry prosody (Table 2).
We also examined which of the brain regions associated with
the expression of emotional prosody showed variable activity
dependent on participants’ ability to express a given emotional
tone. This endeavor revealed correlations with activity in the
right inferior frontal gyrus, insula, and basal ganglia (Table 2,
Figure 3). SPSS was subsequently used to reanalyse and confirm
the SPM-generated correlation, between the accuracy with which
participants were able to express emotional prosodic contours,
and the parameter estimate for the emotional vs. neutral contrast
in the inferior frontal gyrus. For this follow-up analysis, the
parameter estimates were derived using a 5 mm diameter sphere
centered at the peak inferior frontal gyrus activity coordinates
indicated in themain analysis of regions whose activity correlated
with the ability to express emotional prosody.
DISCUSSION
In this study, we aimed to make further progress in delineating
the functional neuroanatomy of prosodic emotion expression in
three ways: Firstly, by incorporating methodological refinements;
secondly, by honing in on how the network of brain regions
required might differ as a function of positive and negative
valence exemplars; and thirdly by determining the parts of
the system subject to individual differences in ability. The key
findings of our study are that the conjunction analyses delineated
common regions of activation for the expression of both angry
and happy prosody in the superior temporal gyrus and basal
ganglia. Producing a neutral prosodic contour without conveying
emotion was also associated with activation in the anterior
cingulate, superior temporal gyrus, insula, and basal ganglia.
In addition, direct comparisons revealed that expressing angry
prosody resulted in greater activation in parts of the basal ganglia
and insula compared to happy prosody, whilst expressing happy
prosody resulted in greater activation of the anterior cingulate
and other parts of the insula and basal ganglia compared to angry
prosody. We observed inter-participant variability in the brain
regions that support prosodic emotion expression, with activity
in the right inferior frontal gyrus and insula correlating with
external off-line judgments of the behavioral ability to express
emotions prosodically.
Brain Regions Recruited for Expressing
Emotions through Prosody
Across the expression of anger and happiness, we observed
common activation in the superior temporal gyrus and basal
ganglia. Data from a number of early lesion-studies suggested
that damage to the right-hemisphere homolog of Broca’s area
impaired the ability to express emotional prosody (Ross, 1981;
Ross et al., 1981; Gorelick and Ross, 1987; Nakhutina et al.,
2006; Ross and Monnot, 2008). The theory that the organization
of prosodic functions in the right-hemisphere mirrors that of
propositional language in the left—has been called into question
though (Kotz et al., 2003, 2006; Schirmer and Kotz, 2006;
Wildgruber et al., 2006; Bruck et al., 2011; Kotz and Paulmann,
2011). If the expression of emotional prosody is also more
complex than suggested by the early lesion-studies, perhaps we
should not automatically assume activation of the brain regions
associated with impaired performance in those early studies.
Previous work has used different types of base stimuli to carry the
expression of emotions through prosody, ranging from sentences
(Pichon and Kell, 2013), through repetitive syllables (Mayer et al.,
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TABLE 2 | The expression of emotions through prosody: Stereotactic peak
coordinates in contrasts of interest.
Brain region Brodmann
area
Hemisphere T-value Stereotactic
coordinates
ANGRY PROSODY VS. NEUTRAL PROSODY
Inferior frontal
gyrus
47 L 6.56 –41 28 –4
“ “ 47 R 5.20 40 15 –8
Superior temporal
gyrus
38 L 4.83 –44 12 –9
Insula 13 L 5.86 –46 7 0
“ “ 13 R 4.88 45 7 –5
Basal ganglia
(caudate)
M 8.74 0 3 14
Thalamus L 10.05 –2 –11 11
“ “ L 8.35 –3 –6 4
HAPPY PROSODY VS. NEUTRAL PROSODY
Anterior cingulate 32 L 5.30 –6 43 11
“ “ 32 L 5.30 –6 45 2
“ “ 32 R 4.82 2 38 14
Superior temporal
gyrus
38 L 5.22 –49 6 –9
Insula 13 L 6.21 –40 2 11
Basal ganglia
(caudate)
L 8.67 –23 –42 15
“ “ M 8.50 0 9 16
“ “ R 6.79 17 23 3
“ “ R 5.61 17 21 13
“ “ R 5.34 20 6 19
“ “ R 5.38 35 –31 5
Thalamus M 8.69 0 –14 12
NEUTRAL PROSODY VS. JAW MOVEMENT
Anterior cingulate 32 L 4.64 –12 30 15
Superior temporal
gyrus
22 L 5.44 –51 –14 4
Insula 13 L 7.93 –37 –26 4
Parahippocampal
gyrus
30 R 5.53 20 –37 –1
Basal ganglia
(caudate)
L 6.96 –37 –35 –1
“ “ R 6.50 11 15 19
“ “ R 5.58 8 18 11
“ “ R 5.01 8 3 19
Thalamus R 6.50 3 –22 7
“ “ R 5.70 20 –28 10
HAPPY PROSODY VS. ANGRY PROSODY
Anterior cingulate 32 L 9.93 –18 40 6
“ “ 32 R 9.31 14 35 12
“ “ 32 L 7.97 –3 42 3
Insula 13 L 6.91 –29 –39 15
Insula (Claustrum) R 5.62 32 –25 7
Basal ganglia
(caudate)
L 4.44 –23 –42 10
Thalamus R 6.11 20 –34 10
(Continued)
TABLE 2 | Continued
Brain region Brodmann
area
Hemisphere T-value Stereotactic
coordinates
ANGRY PROSODY VS. HAPPY PROSODY
Insula 13 L 4.66 –31 –25 13
Hippocampus L 5.51 –31 –40 0
Basal ganglia
(putamen)
L 8.61 –17 –2 11
Basal ganglia
(caudate)
R 6.36 2 3 11
“ “ R 5.34 11 11 8
CONJUNCTION OF AvN and HvN
Superior temporal
gyrus
38 L 6.83 –44 12 –9
Basal ganglia
(caudate)
R 6.10 20 6 19
“ “ R 5.37 20 20 8
Thalamus L 10.22 –8 –34 0
“ “ M 9.57 0 –16 14
CORRELATION WITH ABILITY TO EXPRESS (IN THE COMPARISON OF
EMOTION V NEUTRAL)
Inferior Frontal
Gyrus
47 R 5.42 40 25 0
Insula (claustrum) R 5.43 29 –5 17
“ “ R 4.45 28 22 –1
Parahippocampal
Gyrus
19 R 4.93 20 –43 –2
“ “ “ “ R 4.30 29 –46 2
Thalamus R 6.34 23 –13 17
“ “ R 6.21 9 –19 14
“ “ R 5.86 17 –22 14
“ “ L 5.07 –5 –17 4
Data represent activation foci that survived the probability threshold of p < 0.05 (FWE
corrected) and a contiguity threshold of 10 active voxels. Coordinates are given for the
“Talairach” stereotactic space (Talairach and Tournoux, 1988). L, left hemisphere; R, right
hemisphere; M, midline.
2002; Aziz-Zadeh et al., 2010), to short pseudowords (Frühholz
et al., 2014; Klaas et al., 2015), that may in theory lead to
differences in the degree of activation of a given region. The
likely complexity of emotional prosody expression is highlighted
by inconsistent involvement of the inferior frontal gyrus in its
expression across the neuroimaging studies contributing to the
literature thus far. Beyond these complexity issues, the impact
of individual differences in social cognition also has important
theoretical implications, as outlined in the introduction. Being
able to infer the thoughts, feelings, and intentions of those around
us is indispensable in order to function in a social world. Despite
growing interest in social cognition and its neural underpinnings,
the factors that contribute to successful mental state attribution
remain unclear. Current knowledge is often limited because
studies fail to capture individual variability (Deuse et al., 2016).
An individual differences dependent neuroanatomical network
for the expression of emotional prosody may reflect the necessity
to combine multiple functions to successfully convey the target
emotion (Valk et al., 2016). For all these reasons, we explored
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individual differences in the neural system that underpins the
expression of prosodic emotions, i.e., we sought to determine
whether the network of brain regions used to express emotional
prosody, was moderated by individual levels of proficiency in
expressing these cues.
Our individual differences aim was operationalized by
probing in which brain regions activated during expression of
emotional prosody did the ratings of the ability to convey the
desired emotional states correlate with the level of activation?
Participants who were more able to express emotional prosody
on demand would therefore show greater activation in the
brain regions thus identified. Whilst research on emotional
prosody expression would ideally index participants’ abilities
online rather than oﬄine, there was little reason to suspect
that participants’ performance might be unstable over the short
time period between oﬄine behavioral assessment and the fMRI
session. Nevertheless, the analysis of correlation between level of
activation and ability to express emotional prosody could have
important implications for neuropsychological studies. Thus, a
patient who is poor at expressing prosodic emotions, is likely
to be impaired at the neurocognitive level, in the brain regions
required to express these cues. Conversely, this same correlation
would enable the prediction of expected behavioral impairment,
for a patient with known damage to these regions. One of
the regions in which such a relationship was observed was
the right inferior frontal gyrus. The inferior frontal gyrus is
often activated during emotion regulation tasks (Mincic, 2010;
Grecucci et al., 2012), and again may be linked to expected
performance demands, as those who are better at regulating
the desired emotion and display more intense activation of
this region may be those who best convey the desired emotion
through prosody. There has also been a recent demonstration of a
relationship between the level of activation of the inferior frontal
gyrus and the intensity used in expressing emotional prosody
(Frühholz et al., 2014). This external finding might explain the
reason why inferior frontal gyrus activity might correlate with
the ability to express appropriate emotional prosody. In the
context of our own findings, their demonstration suggests the
interpretation that emotional prosody expressed by people who
use greater intensity when doing so might be easier to identify for
the listener. Indeed, such an interpretation is supported by extant
behavioral literature (Chen et al., 2012; Grossman and Tager-
Flusberg, 2012). Of course, it may be a limitation of the current
study that its participant pool was restricted to highly-educated
students based in a university environment. Even though this
design feature is in accordance with the other major works on
this subject (Aziz-Zadeh et al., 2010; Pichon and Kell, 2013;
Frühholz et al., 2014; Klaas et al., 2015), evidence is starting
to emerge that in-group and out-group effects may impinge on
the comprehension of emotional prosody from speakers (Laukka
et al., 2014; Paulmann and Uskul, 2014), thus future studies may
seek to broaden the evidence base and sample participants from
other educational backgrounds and environments.
The common superior temporal cortex activation we observed
across participants, was in an anterior section extending into
the superior temporal sulcus, similar to that observed in the
preliminary study of Dogil et al. in which participants expressed
happiness and sadness through prosody (Dogil et al., 2002).
This would not be the first time this region has been suggested
as having a role in speech production (Sassa et al., 2007).
Anterior superior temporal gyrus/sulcus activity has also been
previously observed with various forms of speech comprehension
rather than expression, involving semantic processing (Binney
et al., 2010; Visser and Lambon Ralph, 2011), accent processing
(Hailstone et al., 2012), sensitivity to human voice (Capilla et al.,
2013), speech intelligibility (Scott et al., 2000; Friederici et al.,
2010; Obleser and Kotz, 2010; Okada et al., 2010), and sensitivity
to spectral and temporal features (Obleser et al., 2008). Anterior
superior temporal gyrus activity during emotional prosody
expression could therefore represent an internal feedback system
on aspects of speech related to prosody, particularly vocal
qualities of speech (Klaas et al., 2015). Thus, as the data of Aziz-
Zadeh et al. suggest, there might be some overlap in the neural
systems responsible for expressing and perceiving emotional
prosody (Aziz-Zadeh et al., 2010). Importantly, this feedback
system cannot be explained away as resulting from the mere
act of listening to one’s own speech because regional brain
activity associated with producing a neutral prosodic contour was
controlled for in our analysis. Whilst superior temporal gyrus
activity was also observed in the neutral condition, here it was
specific to the expression of emotion.
An anterior superior temporal gyrus section was active
during execution of emotional prosody in the study by Pichon
and Kell (2013). By analyzing the conjunction of regions
activated by angry and happy prosodic emotion expression
rather than contrasting emotion trials vs. neutral without
distinguishing emotion type, we are able not just to confirm the
involvement of anterior superior temporal cortex in prosodic
emotion expression, but to confirm its overlapping involvement
in expressing both a positive and negative emotion. Given
that our design was unbiased toward negative vs. positive
emotions, the superior temporal gyrus activation we observed
may represent a core brain region activated during prosodic
emotion expression, regardless of valence. Given that our design
did not mix emotional and non-emotional prosody, it is possible
that we may also have had increased statistical power to detect
activity in the superior temporal gyrus during the expression of
emotional prosody in comparison to previous works (Aziz-Zadeh
et al., 2010). Given that the anterior temporal lobe activation
we observed was in a region sometimes affected by probable
susceptibility artifacts (Devlin et al., 2000), it is not necessarily
surprising that its involvement is not always picked up in fMRI
studies. Activation in this region can also be highly susceptible
to experimental “noise” caused by methodological and statistical
differences between fMRI studies of speech production (Adank,
2012).
The other key region activated regardless of the specific
emotion expressed lay in the basal ganglia, in particular, the
caudate. Its activation has previously been observed, although
our study could indicate a more general role in expressing
prosodic emotions beyond a specific role in expressing happiness
(Aziz-Zadeh et al., 2010) or anger (Frühholz et al., 2014; Klaas
et al., 2015).Whilst Pichon and Kell only observed striatal activity
during preparation for prosodic emotion expression (Pichon and
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FIGURE 1 | Depiction of the brain regions activated when expressing anger (A), and happiness (B) through prosody (relative to neutrality), displayed on
a rendered brain derived from the Montreal Neurological Institute Ch2bet.nii image supplied with the MRIcroN software
(http://www.mccauslandcenter.sc.edu/mricro/mricron/index.html). Regions of activation on the external surface of the cortex appear brighter and more
intense, whereas regions deeper in the cortex are displayed in less intense, more transparent shades. Images are thresholded at PFWE < 0.05 with a 10 voxel spatial
contiguity threshold.
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FIGURE 2 | Depiction of the brain regions activated when expressing neutrality through prosody (relative to jaw movement), displayed on a rendered
brain derived from the Montreal Neurological Institute Ch2bet.nii image supplied with the MRIcroN software
(http://www.mccauslandcenter.sc.edu/mricro/mricron/index.html). Regions of activation on the external surface of the cortex appear brighter and more
intense, whereas regions deeper in the cortex are displayed in less intense, more transparent shades. Images are thresholded at PFWE <0.05 with a 10 voxel spatial
contiguity threshold.
Kell, 2013), our analyses suggest that it may have an important
ongoing role in executing emotional prosody. Its involvement
in the network of brain regions recruited to express emotional
prosody could be interpreted in two ways. First, it could be
because of a direct role in expressing prosodic emotions.Whether
from a brain lesion or from Parkinson’s disease, damage to the
basal ganglia typically leads to a monotonous voice devoid of
prosodic expressivity and emotion cues (Cancelliere and Kertesz,
1990; Blonder et al., 1995; Schröder et al., 2010a). This direct role
could be due to its involvement in timing-related processes (Kotz
and Schwartze, 2010), which could establish basic timing patterns
from which to formulate emotion-specific patterns of intonation,
by integrating dynamically changing speech information such as
speech rate, pitch, or amplitude (intensity) variations required
for individual emotions (Paulmann and Pell, 2010). The second
possibility is that its involvement is indirect, because of its
well-evidenced role in the comprehension of prosodic emotions
(Mitchell and Bouças, 2009; Schröder et al., 2010a; Bruck et al.,
2011; Paulmann et al., 2011; Belyk and Brown, 2014). From these
studies that noted its role in emotional prosody comprehension,
we can now confirm that the basal ganglia may also be of
importance in the expression of emotional prosody.
Adding to prior findings, our study also suggests that as for
the inferior frontal gyrus activity we observed, insula activation
can be modulated by participants’ ability to correctly express
happiness and anger through prosody. Other literature shows
that insula activation can demonstrate a relationship with
emotional intensity (Zaki et al., 2012; Satpute et al., 2013).
Although it might require further study, perhaps the greater
the activity in the insula, the better someone is at expressing
emotions, i.e., the more intense the emotions they can express
through prosody. Observing changes in the activity of such
regions as patients recover from brain damage affecting the
network that normally mediates emotion expression, could be
a useful index for research purposes of the transition from
monotone speech back to full expressivity. In terms of likely
impact on functional outcome, ascertaining the relationship
between the ability to express target emotions through prosody,
the associated functional neuroanatomy and measures of social
function in healthy young adults could further suggest how
differences in expression and neural activity map onto such
behavioral effects.
Emotion-Specific Brain Activity
Our paradigm required participants to express anger, happiness
and neutrality through prosody. Whilst we do not claim
neutrality to be an emotion, it is still a prosodic contour
just the same as anger or happiness. In the prior literature,
Mayer et al. and Dogil et al. analyzed the expression of
happiness and sadness together as a single emotion condition
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FIGURE 3 | Scatter plot illustrating the correlation between the parameter estimate for the contrast of emotional vs. neutral prosody expression in the
inferior frontal gyrus, and the offline index of the accuracy with which participants expressed emotional prosodic contours. Application of the
Kolmogorov-Smirnov test for normality indicated that these performance accuracy data were normally distributed: d(26) = 0.091, p > 0.05.
rather than separately (Dogil et al., 2002; Mayer et al., 2002).
Pichon and Kell had a design that could have provided
rich data on the expression of specific emotions through
prosody, including fear, sadness, anger, and happiness (vs.
neutrality), but the separate analyses of these emotions were
not presented (Pichon and Kell, 2013). In our study, we were
able to identify that the expression of angry prosody was
associated with activation in the inferior frontal gyrus, superior
temporal gyrus, insula, and basal ganglia. The expression of
happy prosody was associated with activation of the anterior
cingulate, superior temporal gyrus, insula ,and basal ganglia.
It is, of course, a limitation of the current study that online
behavioral recordings were not available for the emotional
prosody expression task whilst performed during the fMRI
scanning. Therefore, at the time of fMRI data capture, we cannot
say for certain which emotion was being expressed through
prosody for each trial. Whilst the oﬄine behavioral recordings
give a useful indication of each individual’s ability to modulate
prosody to convey the target emotion, personality-linked
dispositional indicators of emotionality may have strengthened
these assumptions.
As explained above, it is difficult to compare these data to
the results of the few previous studies of prosodic emotion
expression. However, the network of regions activated when our
participants expressed happy prosody are largely comparable
to the valence-linked comparison of happy vs. neutral trials
by Aziz-Zadeh et al., and we are able to extend this work to
propose the addition of the superior temporal cortex activity
(Aziz-Zadeh et al., 2010). The anterior cingulate gyrus, superior
temporal gyrus, insula and basal ganglia activation we observed
are all regions observed in neuroimaging studies of processing
other people’s happiness cues (albeit in the facial domain) (Phan
et al., 2002; Murphy et al., 2003; Fusar-Poli et al., 2009; Vytal
and Hamann, 2010). A more relevant argument can be made
in the case of the activations observed in the inferior frontal
and superior temporal gyri, insula and basal ganglia when
participants expressed angry prosody, as also found by Klaas
et al. except for the insula (Klaas et al., 2015), because they
have also been associated with the perception of angry prosody
(Grandjean et al., 2005; Sander et al., 2005; Quadflieg et al., 2008;
Hoekert et al., 2010; Frühholz and Grandjean, 2012; Mothes-
Lasch et al., 2012). The combination of evidence from these pre-
existing studies and our own data may again lead one to conclude
overlapping networks for perceiving and expressing positive and
negative emotions. However, there are also pockets of evidence
that the anterior cingulate gyrus, superior temporal gyrus,
insula, and basal ganglia are involved in the facial expression
of happiness, not just its perception (Lee et al., 2006; Kühn
et al., 2011; Pohl et al., 2013). If involved in expression happiness
through both prosody and facial expressions, these brain regions
may have a supramodal role in expressing emotion cues like
that which exists for perceiving emotion cues (Vuilleumier and
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Pourtois, 2007; Park et al., 2010; Peelen et al., 2010; Klasen et al.,
2011). There is a lack of evidence as to whether the regions
involved in expressing angry prosody overlap with the brain
regions involved in expressing anger through facial expressions
though.
A new interpretation that we think also deserves consideration
comes from evidence that the basal ganglia and limbic brain
structures are involved in feeling or being happy (Phan
et al., 2002; Kringelbach and Berridge, 2009). Although our
participants were required to act the designated emotions rather
than portray them naturally, it seems from our data that there
may potentially have been an automatic mood induction effect
(Siemer, 2005; Rochman et al., 2008). This explanation also fits
well with our data on expressing anger through prosody, since
activation of the inferior frontal gyrus, insula, and thalamus
have all been associated with feeling anger (Kimbrell et al.,
1999; Denson et al., 2009; Fabiansson et al., 2012). This
hypothesis could quite easily be tested in the future by employing
explicit mood induction procedures to invoke a happy or angry
experiential state and then whilst in that state asking participants
to express the corresponding emotions. Whilst the act of
preparing to express emotional prosody has been speculated as
an induction phase, the study concerned did not explicitly assess
mood state (Pichon and Kell, 2013).
As well as examining the brain regions involved in
expressing anger and happiness through prosody separately, we
directly compared the two whilst accounting for differences
in performance accuracy between the conditions. It is well
accepted in facial emotion research that beyond the core
processing network, additional brain regions are involved in
expressing specific emotions (Chakrabarti et al., 2006; Fusar-
Poli et al., 2009; Hamann, 2012). There is preliminary evidence
that this may also be the case for emotional prosody (Ethofer
et al., 2008; Jacob et al., 2012; Kotz et al., 2013b). Although
the two separate valence-related analyses of happy and angry
prosody expression seemed to suggest that inferior frontal
gyrus activity was greater for angry prosody expression and
that anterior cingulate activity seemed to be greater for happy
prosody expression than for angry prosody expression, only the
latter was statistically significant. Therefore, it is not certain
whether inferior frontal gyrus activity during the expression of
prosody is emotion-specific as it was for individual differences
in performance accuracy. That a major emotion-related brain
region such as the anterior cingulate should show a greater neural
response to anger expression than to happiness is perhaps not
surprising given the evidence that our brains are evolutionally
predisposed to processing those emotions associated with threat
(Vuilleumier and Schwartz, 2001; Guastella et al., 2009). We
also observed differential emotion-dependent activations within
the insula and basal ganglia. Thus, the expression of angry and
happy prosody both activated the basal ganglia and insula, but
the foci of these activations were in spatially separate parts of
these structures. There are suggestions that the activation in the
caudate and/or putamen whilst processing prosodic information
may be emotion-specific (Kotz et al., 2013a), however, there
is not yet enough research to judge the reliability of spatially
separate emotion-specific activations within the basal ganglia and
insula.
Finally, our inclusion of a jawmovement condition allowed us
to also examine which brain regions were recruited for expressing
neutral prosodic contours, not just emotional contours. Knowing
the brain regions associated with expressing neutral prosody
would allow clinicians to distinguish between patient groups for
which expressing a certain emotion is compromised, and those
groups who have difficulty in expressing prosodic contours of any
type. In the comparison of neutral prosody and jaw movement,
activations observed in the basal ganglia and superior temporal
gyrus are especially interesting. Whilst data from the analysis of
regions involved in expressing emotional prosody irrespective
of the specific emotion observed basal ganglia involvement,
our additional data on expressing neutrality suggest a more
fundamental role for this structure in producing intonation.
Whilst the basal ganglia was activated by expressing both neutral
and emotional prosody, the activation observed in the case of
emotional prosody controlled for those brain regions already
involved in the production of neutral prosody. Therefore, it has
both a specific role in producing emotional prosodic contours,
and a more general role in producing prosody without emotion.
This finding is intuitive given the generic difficulties experienced
by patients with basal ganglia pathology (e.g., Parkinson’s disease)
in producing prosodic contours (Schröder et al., 2010b; Martens
et al., 2011). In relation to the superior temporal gyrus activation
observed expressing neutral prosody, the cluster bordered onto
the superior temporal sulcus. This region has been identified
as having a key role in aspects of pitch processing (Griffiths,
2003; Stewart et al., 2008). Its role in producing pitch contours
devoid of emotional connotation could therefore indicate a self-
monitoring process as people express prosody, to ensure that
the pitch pattern of their speech at any one point in time is
appropriate.
CONCLUSIONS
In summary, we conclude that the superior temporal gyrus
and basal ganglia may be involved in expressing emotional
prosody irrespective of the specific emotion. Inferior frontal
gyrus activity may be more variable, and might relate to
the participants sampled since its activity correlated with
participants’ ability to express the target prosodic emotions.
In addition to the core network, the location of other
activation foci may depend on emotion valence, as direct
comparison of the functional neuroanatomy associated with
expressing angry and happy prosody established that expression
of angry prosody was associated with greater activity in
the inferior frontal gyrus, whereas expression of happy
prosody was associated with greater activity in the anterior
cingulate.
AUTHOR CONTRIBUTIONS
RM conceived and designed the study, performed the paradigm
programming, provided technical assistance, assisted with data
collection, analyzed the results, and wrote the manuscript. AJ and
MS assisted with data collection. SK assisted with the study design
and with writing the manuscript.
Frontiers in Human Neuroscience | www.frontiersin.org 13 October 2016 | Volume 10 | Article 518
Mitchell et al. Emotional Prosody Expression
FUNDING
This study was funded by Durham University.
ACKNOWLEDGMENTS
We are indebted to Jonas Obleser, Leader of the Auditory
Cognition Research Group, Max Planck Institute for Human
Cognitive and Brain Sciences, for his invaluable expertise in the
design and implementation of sparse auditory fMRI acquisition
sequences.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fnhum.
2016.00518
REFERENCES
Adank, P. (2012). The neural bases of difficult speech comprehension and speech
production: two Activation Likelihood Estimation (ALE) meta-analyses. Brain
Lang. 122, 42–54. doi: 10.1016/j.bandl.2012.04.014
Aziz-Zadeh, L., Sheng, T., and Gheytanchi, A. (2010). Common premotor regions
for the perception and production of prosody and correlations with empathy
and prosodic ability. PLoS ONE 5:e8759. doi: 10.1371/journal.pone.0008759
Banse, R., and Scherer, K. R. (1996). Acoustic profiles in vocal emotion expression.
J. Pers. Soc. Psychol. 70, 614–636. doi: 10.1037/0022-3514.70.3.614
Beck, A. T., and Steer, R. A. (1987). Beck Depression Inventory Manual. San
Antonio, TX: Harcourt Assessment.
Belin, P., Zatorre, R. J., Hoge, R., Evans, A. C., and Pike, B. (1999).
Event-related fMRI of the auditory cortex. Neuroimage 10, 417–429. doi:
10.1006/nimg.1999.0480
Belyk, M., and Brown, S. (2014). Perception of affective and linguistic prosody:
an ALE meta-analysis of neuroimaging studies. Soc. Cogn. Affect. Neurosci. 9,
1395–1403. doi: 10.1093/scan/nst124
Binney, R. J., Embleton, K. V., Jefferies, E., Parker, G. J., and Ralph, M. A. (2010).
The ventral and inferolateral aspects of the anterior temporal lobe are crucial
in semantic memory: evidence from a novel direct comparison of distortion-
corrected fMRI, rTMS, and semantic dementia. Cereb. Cortex 20, 2728–2738.
doi: 10.1093/cercor/bhq019
Blackman, G. A., and Hall, D. A. (2011). Reducing the effects of background noise
during auditory functional magnetic resonance imaging of speech processing:
qualitative and quantitative comparisons between two image acquisition
schemes and noise cancellation. J. Speech Lang. Hear. Res. 54, 693–704. doi:
10.1044/1092-4388(2010/10-0143)
Blakemore, S. J., and Frith, U. (2004). How does the brain deal with the social
world? Neuroreport 15, 119–128. doi: 10.1097/00001756-200401190-00024
Blonder, L. X., Pickering, J. E., Heath, R. L., Smith, C. D., and Butler, S. M. (1995).
Prosodic characteristics of speech pre- and post-right hemisphere stroke. Brain
Lang. 51, 318–335. doi: 10.1006/brln.1995.1063
Boersma, P. (2001). Praat, a system for doing phonetics by computer. Glot Int. 5,
341–345.
Brett, M., Penny, W., and Kiebel, S. (2003). “An introduction to random field
theory,” in Human Brain Function, eds R. S. J. Frackowiak, K. J. Friston, C.
Frith, R. Dolan, C. J. Price, S. Zeki, J. Ashburner, and W. D. Penny (London:
Academic Press), 867–879.
Bruck, C., Kreifelts, B., and Wildgruber, D. (2011). Emotional voices in context:
a neurobiological model of multimodal affective information processing. Phys.
Life Rev. 8, 383–403. doi: 10.1016/j.plrev.2011.10.002
Cancelliere, A. E., and Kertesz, A. (1990). Lesion localization in acquired deficits
of emotional expression and comprehension. Brain Cogn. 13, 133–147. doi:
10.1016/0278-2626(90)90046-Q
Capilla, A., Belin, P., and Gross, J. (2013). The early spatio-temporal correlates
and task independence of cerebral voice processing studied with MEG. Cereb.
Cortex 23, 1388–1395. doi: 10.1093/cercor/bhs119
Carbary, T. J., Patterson, J. P., and Snyder, P. J. (2000). Foreign Accent Syndrome
following a catastrophic second injury: MRI correlates, linguistic and voice
pattern analyses. Brain Cogn. 43, 78–85.
Chakrabarti, B., Bullmore, E., and Baron-Cohen, S. (2006). Empathizing with basic
emotions: common and discrete neural substrates. Soc. Neurosci. 1, 364–384.
doi: 10.1080/17470910601041317
Chen, X., Yang, J., Gan, S., and Yang, Y. (2012). The contribution of sound intensity
in vocal emotion perception: behavioral and electrophysiological evidence.
PLoS ONE 7:e30278. doi: 10.1371/journal.pone.0030278
Cohen, A. S., Hong, S. L., and Guevara, A. (2010). Understanding emotional
expression using prosodic analysis of natural speech: refining the methodology.
J. Behav. Ther. Exp. Psychiatry 41, 150–157. doi: 10.1016/j.jbtep.2009.11.008
Corden, B., Critchley, H. D., Skuse, D., and Dolan, R. J. (2006). Fear
recognition ability predicts differences in social cognitive and neural
functioning in men. J. Cogn. Neurosci. 18, 889–897. doi: 10.1162/jocn.2006.1
8.6.889
Crawford, J. R., and Henry, J. D. (2004). The positive and negative affect
schedule (PANAS): construct validity, measurement properties and normative
data in a large non-clinical sample. Br. J. Clin. Psychol. 43, 245–265. doi:
10.1348/0144665031752934
Denson, T. F., Pedersen, W. C., Ronquillo, J., and Nandy, A. S. (2009). The angry
brain: neural correlates of anger, angry rumination, and aggressive personality.
J. Cogn. Neurosci. 21, 734–744. doi: 10.1162/jocn.2009.21051
Deuse, L., Rademacher, L. M., Winkler, L., Schultz, R. T., Gründer, G., and
Lammertz, S. E. (2016). Neural correlates of naturalistic social cognition:
brain-behavior relationships in healthy adults. Soc. Cogn. Affect. Neurosci. doi:
10.1093/scan/nsw094. [Epub ahead of print].
Devlin, J. T., Russell, R. P., Davis, M. H., Price, C. J., Wilson, J., Moss, H. E., et al.
(2000). Susceptibility-induced loss of signal: comparing PET and fMRI on a
semantic task. Neuroimage 11, 589–600. doi: 10.1006/nimg.2000.0595
Dhanjal, N. S., Handunnetthi, L., Patel, M. C., and Wise, R. J. (2008). Perceptual
systems controlling speech production. J. Neurosci. 28, 9969–9975. doi:
10.1523/JNEUROSCI.2607-08.2008
Dogil, G., Ackermann, H., Grodd, W., Haider, H., Kamp, H., Mayer, J., et al.
(2002). The speaking brain: a tutorial introduction to fMRI experiments in
the production of speech, prosody and syntax. J. Neurolinguist. 15, 59–90. doi:
10.1016/S0911-6044(00)00021-X
Ekman, P. (1992). Are there basic emotions. Psychol. Rev. 99, 550–553. doi:
10.1037/0033-295X.99.3.550
Elliott, M. R., Bowtell, R. W., and Morris, P. G. (1999). The effect of scanner
sound in visual, motor, and auditory functional MRI. Magn. Reson. Med. 41,
1230–1235.
Ethofer, T., Kreifelts, B., Wiethoff, S., Wolf, J., Grodd, W., Vuilleumier, P., et al.
(2008). Differential influences of emotion, task, and novelty on brain regions
underlying the processing of speech melody. J. Cogn. Neurosci. 21, 1255–1268.
doi: 10.1162/jocn.2009.21099
Ethofer, T., Van De Ville, D., Scherer, K., and Vuilleumier, P. (2009). Decoding
of emotional information in voice-sensitive cortices. Curr. Biol. 19, 1–6. doi:
10.1016/j.cub.2009.04.054
Fabiansson, E. C., Denson, T. F., Moulds, M. L., Grisham, J. R., and
Schira, M. M. (2012). Don’t look back in anger: neural correlates of
reappraisal, analytical rumination, and angry rumination during recall of an
anger-inducing autobiographical memory. Neuroimage 59, 2974–2981. doi:
10.1016/j.neuroimage.2011.09.078
Fragopanagos, N., and Taylor, J. G. (2005). Emotion recognition in human-
computer interaction. Neural Netw. 18, 389–405. doi: 10.1016/j.neunet.2005.
03.006
Friederici, A. D., Kotz, S. A., Scott, S. K., and Obleser, J. (2010). Disentangling
syntax and intelligibility in auditory language comprehension. Hum. Brain
Mapp. 31, 448–457. doi: 10.1002/hbm.20878
Frontiers in Human Neuroscience | www.frontiersin.org 14 October 2016 | Volume 10 | Article 518
Mitchell et al. Emotional Prosody Expression
Frühholz, S., andGrandjean, D. (2012). Towards a fronto-temporal neural network
for the decoding of angry vocal expressions. Neuroimage 62, 1658–1666. doi:
10.1016/j.neuroimage.2012.06.015
Frühholz, S., Klaas, H. S., Patel, S., and Grandjean, D. (2014). Talking in fury: the
cortico-subcortical network underlying angry vocalizations. Cereb. Cortex. doi:
10.1093/cercor/bhu074
Fusar-Poli, P., Placentino, A., Carletti, F., Landi, P., Allen, P., Surguladze, S., et al.
(2009). Functional atlas of emotional faces processing: a voxel-based meta-
analysis of 105 functional magnetic resonance imaging studies. J. Psychiatry
Neurosci. 34, 418–432. Available online at: http://jpn.ca/vol34-issue6/34-6-418/
Gaab, N., Gabrieli, J. D., and Glover, G. H. (2007a). Assessing the influence of
scanner background noise on auditory processing. I. An fMRI study comparing
three experimental designs with varying degrees of scanner noise. Hum. Brain
Mapp. 28, 703–720. doi: 10.1002/hbm.20298
Gaab, N., Gabrieli, J. D., and Glover, G. H. (2007b). Assessing the influence
of scanner background noise on auditory processing. II. An fMRI study
comparing auditory processing in the absence and presence of recorded
scanner noise using a sparse design. Hum. Brain Mapp. 28, 721–732. doi:
10.1002/hbm.20299
Gandour, J. (2000). Frontiers of brain mapping of speech prosody. Brain Lang. 71,
75–77. doi: 10.1006/brln.1999.2217
Glockner, J. F., Hu, H. H., Stanley, D. W., Angelos, L., and King, K. (2005).
Parallel MR imaging: a user’s guide. Radiographics 25, 1279–1297. doi:
10.1148/rg.255045202
Gorelick, P. B., and Ross, E. D. (1987). The aprosodias: further functional-
anatomical evidence for the organisation of affective language in the
right hemisphere. J. Neurol. Neurosurg. Psychiatry 50, 553–560. doi:
10.1136/jnnp.50.5.553
Gracco, V. L., Tremblay, P., and Pike, B. (2005). Imaging speech production using
fMRI. Neuroimage 26, 294–301. doi: 10.1016/j.neuroimage.2005.01.033
Grandjean, D., Sander, D., Pourtois, G., Schwartz, S., Seghier, M. L., Scherer, K.
R., et al. (2005). The voices of wrath: brain responses to angry prosody in
meaningless speech. Nat. Neurosci. 8, 145–146. doi: 10.1038/nn1392
Grecucci, A., Giorgetta, C., Van’t Wout, M., Bonini, N., and Sanfey, A. G. (2012).
Reappraising the ultimatum: an fMRI study of emotion regulation and decision
making. Cereb. Cortex. doi: 10.1093/cercor/bhs028
Griffiths, T. D. (2003). Functional imaging of pitch analysis. Ann. N. Y. Acad. Sci.
999, 40–49. doi: 10.1196/annals.1284.004
Griswold, M. A., Jakob, P. M., Heidemann, R. M., Nittka, M., Jellus, V., Wang,
J., et al. (2002). Generalized autocalibrating partially parallel acquisitions
(GRAPPA).Magn. Reson. Med. 47, 1202–1210. doi: 10.1002/mrm.10171
Grossman, R. B., and Tager-Flusberg, H. (2012). “Who said that?” Matching of
low- and high-intensity emotional prosody to facial expressions by adolescents
with ASD. J. Autism Dev. Disord. 42, 2546–2557. doi: 10.1007/s10803-012-
1511-2
Guastella, A. J., Carson, D. S., Dadds, M. R., Mitchell, P. B., and Cox, R.
E. (2009). Does oxytocin influence the early detection of angry and happy
faces? Psychoneuroendocrinology 34, 220–225. doi: 10.1016/j.psyneuen.2008.
09.001
Hailstone, J. C., Ridgway, G. R., Bartlett, J. W., Goll, J. C., Crutch, S. J., andWarren,
J. D. (2012). Accent processing in dementia. Neuropsychologia 50, 2233–2244.
doi: 10.1016/j.neuropsychologia.2012.05.027
Hall, D. A., Haggard, M. P., Akeroyd, M. A., Palmer, A. R., Summerfield, A. Q.,
Elliott, M. R., et al. (1999). "Sparse" temporal sampling in auditory fMRI.Hum.
Brain Mapp. 7, 213–223.
Hamann, S. (2012). Mapping discrete and dimensional emotions onto the
brain: controversies and consensus. Trends Cogn. Sci. 16, 458–466. doi:
10.1016/j.tics.2012.07.006
Henson, R. N. A. (2004). “Analysis of fMRI timeseries: Linear time-invariant
models, event-related fMRI and optimal experimental design,” inHuman Brain
Function, eds R. Frackowiak, K. Friston, C. Frith, R. Dolan, and C. J. Price
(London: Elsevier), 793–822.
Hickok, G., and Poeppel, D. (2004). Dorsal and ventral streams: a framework for
understanding aspects of the functional anatomy of language. Cognition 92,
67–99. doi: 10.1016/j.cognition.2003.10.011
Hoekert, M., Vingerhoets, G., and Aleman, A. (2010). Results of a pilot study on the
involvement of bilateral inferior frontal gyri in emotional prosody perception:
an rTMS study. BMC Neurosci. 11:93. doi: 10.1186/1471-2202-11-93
Jacob, H., Brück, C., Domin, M., Lotze, M., andWildgruber, D. (2014). I can’t keep
your face and voice out of my head: neural correlates of an attentional bias
toward nonverbal emotional cues. Cereb. Cortex 24, 1460–1473. doi: 10.1093/
cercor/bhs417
Jacob, H., Kreifelts, B., Brück, C., Erb, M., Hösl, F., and Wildgruber, D.
(2012). Cerebral integration of verbal and nonverbal emotional cues:
impact of individual nonverbal dominance. Neuroimage 61, 738–747. doi:
10.1016/j.neuroimage.2012.03.085
Johnstone, T., and Scherer, K. R. (2000). “Vocal communication of Emotion,” in
The Handbook of Emotions, 2nd Edn, eds M. Lewis and J. M. Haviland (New
York, NY: Guilford Press), 220–235.
Johnstone, T., Van Reekum, C. M., Oakes, T. R., and Davidson, R. J. (2006). The
voice of emotion: an fMRI study of neural responses to angry and happy vocal
expressions. Soc. Cogn. Affect. Neurosci. 1, 242–249. doi: 10.1093/scan/nsl027
Josephs, O., and Henson, R. N. (1999). Event-related functional magnetic
resonance imaging: modelling, inference and optimization. Philos. Trans. R.
Soci. Lond. B Biol. Sci. 354, 1215–1228. doi: 10.1098/rstb.1999.0475
Juslin, P. N., and Laukka, P. (2003). Communication of emotions in vocal
expression and music performance: different channels, same code? Psychol.
Bull. 129, 770–814. doi: 10.1037/0033-2909.129.5.770
Juslin, P. N., and Scherer, K. R. (2005). “Vocal expression of affect,” in The New
Handbook of Methods in Nonverbal Behavior Research eds J. Harrigan, R.
Rosenthal, and K. Scherer (Oxford: Oxford University Press), 65–135.
Kimbrell, T. A., George, M. S., Parekh, P. I., Ketter, T. A., Podell, D. M., Danielson,
A. L., et al. (1999). Regional brain activity during transient self-induced anxiety
and anger in healthy adults. Biol. Psychiatry 46, 454–465. doi: 10.1016/S0006-
3223(99)00103-1
Klaas, H. S., Frühholz, S., and Grandjean, D. (2015). Aggressive vocal expressions-
an investigation of their underlying neural network. Front. Behav. Neurosci.
9:121. doi: 10.3389/fnbeh.2015.00121
Klasen, M., Kenworthy, C. A., Mathiak, K. A., Kircher, T. T., and Mathiak, K.
(2011). Supramodal representation of emotions. J. Neurosci. 31, 13635–13643.
doi: 10.1523/JNEUROSCI.2833-11.2011
Kotz, S. A. (2001). Neurolinguistic evidence for bilingual language representation:
a comparison of reaction times and event related brain potentials. Bilingualism
Lang. Cogn. 4, 143–154. doi: 10.1017/s1366728901000244
Kotz, S. A., and Paulmann, S. (2011). Emotion, language, and the brain. Lang.
Linguist. Compass 5, 108–125. doi: 10.1111/j.1749-818X.2010.00267.x
Kotz, S. A., and Schwartze, M. (2010). Cortical speech processing unplugged:
a timely subcortico-cortical framework. Trends Cogn. Sci. 14, 392–399. doi:
10.1016/j.tics.2010.06.005
Kotz, S. A., Hasting, A., and Paulmann, S. (2013a). “On the orbito-striatal interface
in (acoustic) emotional processing,” in Evolution of Emotional Communication:
From Sounds in Non-Human Mammals to Speech and Music in Man, eds E.
Altenmüller, S. S. and E. Zimmermann (New York, NY: Oxford University
Press), 229–240.
Kotz, S. A., Kalberlah, C., Bahlmann, J., Friederici, A. D., and Haynes, J.-D.
(2013b). Predicting vocal emotion expressions from the human brain. Hum.
Brain Mapp. 34, 1971–1981. doi: 10.1002/hbm.22041
Kotz, S. A., Meyer, M., Alter, K., Besson, M., Von Cramon, D. Y., and Friederici,
A. D. (2003). On the lateralization of emotional prosody: an event-related
functional MR investigation. Brain Lang. 86, 366–376. doi: 10.1016/S0093-
934X(02)00532-1
Kotz, S. A., Meyer, M., and Paulmann, S. (2006). Lateralization of emotional
prosody in the brain: an overview and synopsis on the impact of study design.
Prog. Brain Res. 156, 285–294. doi: 10.1016/S0079-6123(06)56015-7
Kreifelts, B., Ethofer, T., Huberle, E., Grodd, W., and Wildgruber, D. (2010).
Association of trait emotional intelligence and individual fMRI-activation
patterns during the perception of social signals from voice and face.Hum. Brain
Mapp. 31, 979–991. doi: 10.1002/hbm.20913
Kringelbach, M. L., and Berridge, K. C. (2009). Towards a functional
neuroanatomy of pleasure and happiness. Trends Cogn. Sci. 13, 479–487. doi:
10.1016/j.tics.2009.08.006
Kühn, S., Müller, B. C., Van Der Leij, A., Dijksterhuis, A., Brass, M., and Van
Baaren, R. B. (2011). Neural correlates of emotional synchrony. Soc. Cogn.
Affect. Neurosci. 6, 368–374. doi: 10.1093/scan/nsq044
Lacadie, C. M., Fulbright, R. K., Rajeevan, N., Constable, R. T., and
Papademetris, X. (2008). More accurate Talairach coordinates for
Frontiers in Human Neuroscience | www.frontiersin.org 15 October 2016 | Volume 10 | Article 518
Mitchell et al. Emotional Prosody Expression
neuroimaging using non-linear registration. Neuroimage 42, 717–725.
doi: 10.1016/j.neuroimage.2008.04.240
Lancaster, J. L., Rainey, L. H., Summerlin, J. L., Freitas, C. S., Fox, P. T., Evans, A. C.,
et al. (1997). Automated labeling of the human brain: a preliminary report on
the development and evaluation of a forward-transform method. Hum. Brain
Mapp. 5, 238–242.
Lancaster, J. L., Woldorff, M. G., Parsons, L. M., Liotti, M., Freitas, C. S., Rainey, L.,
et al. (2000). Automated Talairach atlas labels for functional brain mapping.
Hum. Brain Mapp. 10, 120–131. doi: 10.1002/1097-0193(200007)10:3<120::
AID-HBM30>3.0.CO;2-8
Laukka, P., Ahs, F., Furmark, T., and Fredrikson, M. (2011). Neurofunctional
correlates of expressed vocal affect in social phobia. Cogn. Affect. Behav.
Neurosci. 11, 413–425. doi: 10.3758/s13415-011-0032-3
Laukka, P., Neiberg, D., and Elfenbein, H. A. (2014). Evidence for cultural dialects
in vocal emotion expression: acoustic classification within and across five
nations. Emotion 14, 445–449. doi: 10.1037/a0036048
Lee, K. H., and Siegle, G. J. (2012). Common and distinct brain networks
underlying explicit emotional evaluation: a meta-analytic study. Soc. Cogn.
Affect. Neurosci. 7, 521–534. doi: 10.1093/scan/nsp001
Lee, T. W., Josephs, O., Dolan, R. J., and Critchley, H. D. (2006). Imitating
expressions: emotion-specific neural substrates in facial mimicry. Soc. Cogn.
Affect. Neurosci. 1, 122–135. doi: 10.1093/scan/nsl012
Leigh-Paffenroth, E. D., and Elangovan, S. (2011). Temporal processing in low-
frequency channels: effects of age and hearing loss in middle-aged listeners. J.
Am. Acad. Audiol. 22, 393–404. doi: 10.3766/jaaa.22.7.2
Liem, F., Lutz, K., Luechinger, R., Jäncke, L., and Meyer, M. (2012). Reducing the
interval between volume acquisitions improves “sparse” scanning protocols in
event-related auditory fMRI. Brain Topogr. 25, 182–193. doi: 10.1007/s10548-
011-0206-x
Martens, H., Van Nuffelen, G., Cras, P., Pickut, B., De Letter, M., and De Bodt,
M. (2011). Assessment of prosodic communicative efficiency in Parkinson’s
disease as judged by professional listeners. Parkinsons Dis. 2011:129310. doi:
10.4061/2011/129310
Mayer, J. (1999). “Prosody processing in speech production: pre-evaluation of
a fMRI study,” in Proceedings of the14th International Congress of Phonetic
Sciences (San Francisco, CA), 2339–2342.
Mayer, J., Wildgruber, D., Riecker, A., Dogil, G., Ackermann, H., and Grodd,
W. (2002). “Prosody production and perception: converging evidence from
fMRI studies,” in International Symposium on Computer Architecture Archive
(Aix-en-Provence).
Mincic, A. M. (2010). Neural substrate of the cognitive and emotional interference
processing in healthy adolescents. Acta Neurobiol. Exp. 70, 406–422. Available
online at: http://www.ane.pl/archive.php?vol=70&no=4&id=7046
Mitchell, R. L., and Bouças, S. B. (2009). Decoding emotional prosody in
Parkinson’s disease and its potential neuropsychological basis. J. Clin. Exp.
Neuropsychol. 31, 553–564. doi: 10.1080/13803390802360534
Moelker, A., and Pattynama, P. M. (2003). Acoustic noise concerns in
functional magnetic resonance imaging. Hum. Brain Mapp. 20, 123–141. doi:
10.1002/hbm.10134
Mothes-Lasch, M., Miltner, W. H., and Straube, T. (2012). Processing of
angry voices is modulated by visual load. Neuroimage 63, 485–490. doi:
10.1016/j.neuroimage.2012.07.005
Mugler, J. P. III., and Brookeman, J. R. (1990). Three-dimensional magnetization-
prepared rapid gradient-echo imaging (3D MP RAGE).Magn. Reson. Med. 15,
152–157. doi: 10.1002/mrm.1910150117
Murphy, F. C., Nimmo-Smith, I., and Lawrence, A. D. (2003). Functional
neuroanatomy of emotions: a meta-analysis. Cogn. Affect. Behav. Neurosci. 3,
207–233. doi: 10.3758/CABN.3.3.207
Nakhutina, L., Borod, J. C., and Zgaljardic, D. J. (2006). Posed prosodic emotional
expression in unilateral stroke patients: recovery, lesion location, and emotional
perception. Arch. Clin. Neuropsychol. 21, 1–13. doi: 10.1016/j.acn.2005.
06.013
Narain, C., Scott, S. K., Wise, R. J., Rosen, S., Leff, A., Iversen, S. D., et al. (2003).
Defining a left-lateralized response specific to intelligible speech using fMRI.
Cereb. Cortex 13, 1362–1368. doi: 10.1093/cercor/bhg083
Obleser, J., and Kotz, S. A. (2010). Expectancy constraints in degraded speech
modulate the language comprehension network. Cereb. Cortex 20, 633–640.
doi: 10.1093/cercor/bhp128
Obleser, J., Eisner, F., and Kotz, S. A. (2008). Bilateral speech comprehension
reflects differential sensitivity to spectral and temporal features. J. Neurosci. 28,
8116–8123. doi: 10.1523/JNEUROSCI.1290-08.2008
Okada, K., Rong, F., Venezia, J., Matchin, W., Hsieh, I. H., Saberi, K., et al. (2010).
Hierarchical organization of human auditory cortex: evidence from acoustic
invariance in the response to intelligible speech. Cereb. Cortex 20, 2486–2495.
doi: 10.1093/cercor/bhp318
Oldfield, R. C. (1971). The assessment and analysis of handedness: the Edinburgh
inventory. Neuropsychologia 9, 97–113. doi: 10.1016/0028-3932(71)90
067-4
Ooi, C. S., Seng, K. P., Ang, L. M., and Chew, L. W. (2014). A new
approach of audio emotion recognition. Expert Syst. Appl. 41, 5858–5869. doi:
10.1016/j.eswa.2014.03.026
Park, J. Y., Gu, B. M., Kang, D. H., Shin, Y. W., Choi, C. H., Lee, J. M., et al. (2010).
Integration of cross-modal emotional information in the human brain: an fMRI
study. Cortex 46, 161–169. doi: 10.1016/j.cortex.2008.06.008
Paulmann, S., and Pell, M. D. (2010). Dynamic emotion processing in Parkinson’s
disease as a function of channel availability. J. Clin. Exp. Neuropsychol. 32,
822–835. doi: 10.1080/13803391003596371
Paulmann, S., and Uskul, A. K. (2014). Cross-cultural emotional prosody
recognition: evidence from Chinese and British listeners. Cogn. Emot. 28,
230–244. doi: 10.1080/02699931.2013.812033
Paulmann, S., Ott, D. V. M., and Kotz, S. A. (2011). Emotional speech perception
unfolding in time: the role of the Basal Ganglia. PLoS ONE 6:e17694. doi:
10.1371/journal.pone.0017694
Paulmann, S., Pell, M. D., and Kotz, S. A. (2008). How aging affects
the recognition of emotional speech. Brain Lang. 104, 262–269. doi:
10.1016/j.bandl.2007.03.002
Peelen, M. V., Atkinson, A. P., and Vuilleumier, P. (2010). Supramodal
representations of perceived emotions in the human brain. J. Neurosci. 30,
10127–10134. doi: 10.1523/JNEUROSCI.2161-10.2010
Pell, M. D., Paulmann, S., Dara, C., Alasseri, A., and Kotz, S. A. (2009). Factors in
the recognition of vocally expressed emotions: a comparison of four languages.
J. Phon. 37, 417–435. doi: 10.1016/j.wocn.2009.07.005
Phan, K. L., Wager, T., Taylor, S. F., and Liberzon, I. (2002). Functional
neuroanatomy of emotion: ameta-analysis of emotion activation studies in PET
and fMRI. Neuroimage 16, 331–348. doi: 10.1006/nimg.2002.1087
Pichon, S., and Kell, C. A. (2013). Affective and sensorimotor components
of emotional prosody generation. J. Neurosci. 33, 1640–1650. doi:
10.1523/JNEUROSCI.3530-12.2013
Pierre-Yves, O. (2003). The production and recognition of emotions in speech:
features and algorithms. Int. J. Hum. Comput. Stud. 59, 157–183. doi:
10.1016/S1071-5819(02)00141-6
Pohl, A., Anders, S., Schulte-Rüther, M., Mathiak, K., and Kircher, T. (2013).
Positive facial affect - an fMRI study on the involvement of insula and
amygdala. PLoS ONE 8:e69886. doi: 10.1371/journal.pone.0069886
Quadflieg, S., Mohr, A., Mentzel, H.-J., Miltner, W. H. R., and Straube, T. (2008).
Modulation of the neural network involved in the processing of anger prosody:
the role of task-relevance and social phobia. Biol. Psychol. 78, 129–137. doi:
10.1016/j.biopsycho.2008.01.014
Rits, I. A. (1964). Declaration of Helsinki. Recommendations guiding doctors in
clinical research.World Med. J. 11, 281.
Rochman, D., Diamond, G. M., and Amir, O. (2008). Unresolved anger and
sadness: identifying vocal acoustical correlates. J. Couns. Psychol. 55, 505–517.
doi: 10.1037/a0013720
Ross, E. D. (1981). The aprosodias. Functional-anatomic organization of the
affective components of language in the right hemisphere. Arch. Neurol. 38,
561–569. doi: 10.1001/archneur.1981.00510090055006
Ross, E. D. (2010). Cerebral localization of functions and the neurology of
language: fact versus fiction or is it something else? Neuroscientist 16, 222–243.
doi: 10.1177/1073858409349899
Ross, E. D., and Monnot, M. (2008). Neurology of affective prosody and its
functional-anatomic organization in right hemisphere. Brain Lang. 104, 51–74.
doi: 10.1016/j.bandl.2007.04.007
Ross, E. D., Harney, J. H., Delacoste-Utamsing, C., and Purdy, P. D. (1981).
How the brain integrates affective and propositional language into a unified
behavioral function. Hypothesis based on clinicoanatomic evidence. Arch.
Neurol. 38, 745–748. doi: 10.1001/archneur.1981.00510120045005
Frontiers in Human Neuroscience | www.frontiersin.org 16 October 2016 | Volume 10 | Article 518
Mitchell et al. Emotional Prosody Expression
Sander, D., Grandjean, D., Pourtois, G., Schwartz, S., Seghier, M. L., Scherer, K.
R., et al. (2005). Emotion and attention interactions in social cognition: Brain
regions involved in processing anger prosody. Neuroimage 28, 848–858. doi:
10.1016/j.neuroimage.2005.06.023
Sander, K., Roth, P., and Scheich, H. (2003). Left-lateralized fMRI activation in
the temporal lobe of high repressive women during the identification of sad
prosodies. Cogn. Brain Res. 16, 441–456. doi: 10.1016/S0926-6410(03)00059-4
Sassa, Y., Sugiura, M., Jeong, H., Horie, K., Sato, S., and Kawashima, R. (2007).
Cortical mechanism of communicative speech production. Neuroimage 37,
985–992. doi: 10.1016/j.neuroimage.2007.05.059
Satpute, A. B., Shu, J., Weber, J., Roy, M., and Ochsner, K. N. (2013). The functional
neural architecture of self-reports of affective experience. Biol. Psychiatry 73,
631–638. doi: 10.1016/j.biopsych.2012.10.001
Scherer, K. R. (1986). Vocal affect expression: a review and a model for future
research. Psychol. Bull. 99, 143–165. doi: 10.1037/0033-2909.99.2.143
Scherer, K. R. (2003). Vocal communication of emotion: a review of research
paradigms. Speech Commun. 40, 227–256. doi: 10.1016/S0167-6393(02)00084-5
Scherer, K. R. (2013). Vocal markers of emotion: comparing induction and acting
elicitation. Comput. Speech Lang. 27, 40–58. doi: 10.1016/j.csl.2011.11.003
Schirmer, A., and Kotz, S. A. (2006). Beyond the right hemisphere: brain
mechanisms mediating vocal emotional processing. Trends Cogn. Sci. 10,
24–30. doi: 10.1016/j.tics.2005.11.009
Schirmer, A., Escoffier, N., Zysset, S., Koester, D., Striano, T., and Friederici, A. D.
(2008). When vocal processing gets emotional: on the role of social orientation
in relevance detection by the human amygdala.Neuroimage 40, 1402–1410. doi:
10.1016/j.neuroimage.2008.01.018
Schröder, C., Nikolova, Z. T., and Dengler, R. (2010a). Changes of
emotional prosody in Parkinson’s disease. J. Neurol. Sci. 289, 32–35. doi:
10.1016/j.jns.2009.08.038
Schröder, C., Nikolova, Z. T., and Dengler, R. (2010b). Changes of
emotional prosody in Parkinson’s disease. J. Neurol. Sci. 289, 32–35. doi:
10.1016/j.jns.2009.08.038
Scott, S. K., Blank, C. C., Rosen, S., and Wise, R. J. (2000). Identification of a
pathway for intelligible speech in the left temporal lobe. Brain 123(Pt 12),
2400–2406. doi: 10.1093/brain/123.12.2400
Siemer, M. (2005). Mood-congruent cognitions constitute mood experience.
Emotion 5, 296–308. doi: 10.1037/1528-3542.5.3.296
Simmonds, A. J., Wise, R. J., Dhanjal, N. S., and Leech, R. (2011). A comparison
of sensory-motor activity during speech in first and second languages. J.
Neurophysiol. 106, 470–478. doi: 10.1152/jn.00343.2011
Sodickson, D. K., and Manning, W. J. (1997). Simultaneous acquisition of spatial
harmonics (SMASH): fast imaging with radiofrequency coil arrays. Magn.
Reson. Med. 38, 591–603. doi: 10.1002/mrm.1910380414
Stewart, L., Overath, T., Warren, J. D., Foxton, J. M., and Griffiths, T. D. (2008).
fMRI evidence for a cortical hierarchy of pitch pattern processing. PLoS ONE
3:e1470. doi: 10.1371/journal.pone.0001470
Talairach, J., and Tournoux, P. (1988). Co-Planar Stereotaxic Atlas of the Human
Brain. New York, NY: Thieme.
Valk, S. L., Bernhardt, B. C., Böckler, A., Trautwein, F.-M., Kanske, P., and
Singer, T. (2016). Socio-cognitive phenotypes differentially modulate large-
scale structural covariance networks. Cereb. Cortex. doi: 10.1093/cercor/
bhv319. [Epub ahead of print].
Ververidis, D., and Kotropoulos, C. (2006). Emotional speech recognition:
resources, features, and methods. Speech Commun. 48, 1162–1181. doi:
10.1016/j.specom.2006.04.003
Visser, M., and Lambon Ralph, M. A. (2011). Differential contributions of
bilateral ventral anterior temporal lobe and left anterior superior temporal
gyrus to semantic processes. J. Cogn. Neurosci. 23, 3121–3131. doi:
10.1162/jocn_a_00007
Vuilleumier, P., and Pourtois, G. (2007). Distributed and interactive
brain mechanisms during emotion face perception: evidence
from functional neuroimaging. Neuropsychologia 45, 174–194. doi:
10.1016/j.neuropsychologia.2006.06.003
Vuilleumier, P., and Schwartz, S. (2001). Emotional facial expressions capture
attention. Neurology 56, 153–158. doi: 10.1212/WNL.56.2.153
Vytal, K., and Hamann, S. (2010). Neuroimaging support for discrete neural
correlates of basic emotions: a voxel-based meta-analysis. J. Cogn. Neurosci. 22,
2864–2885. doi: 10.1162/jocn.2009.21366
Watson, D., Clark, L. A., and Tellegen, A. (1988). Development and validation of
brief measures of positive and negative affect: the PANAS scales. J. Pers. Soc.
Psychol. 54, 1063–1070. doi: 10.1037/0022-3514.54.6.1063
Wildgruber, D., Ackermann, H., Kreifelts, B., and Ethofer, T. (2006). Cerebral
processing of linguistic and emotional prosody: fMRI studies. Prog. Brain Res.
156, 249–268. doi: 10.1016/S0079-6123(06)56013-3
Wildgruber, D., Riecker, A., Hertrich, I., Erb, M., Grodd, W., Ethofer,
T., et al. (2005). Identification of emotional intonation evaluated by
fMRI. Neuroimage 24, 1233–1241. doi: 10.1016/j.neuroimage.2004.
10.034
Zaki, J., Davis, J. I., and Ochsner, K. N. (2012). Overlapping activity in
anterior insula during interoception and emotional experience.Neuroimage 62,
493–499. doi: 10.1016/j.neuroimage.2012.05.012
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Mitchell, Jazdzyk, Stets and Kotz. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.
Frontiers in Human Neuroscience | www.frontiersin.org 17 October 2016 | Volume 10 | Article 518
